INTRODUCTION
Planar microelectrode arrays are commonly used to detect amperometric and voltammetric signals in electroanalysis and biomedical sensing like in the in-vivo characterization of cell membrane channel activities. They are mostly based on a patterned array of inert metal electrodes (like Au or Pt) deposited onto Si, glass or plastic substrates. Metal electrodes allow the analysis of redox activities within the water dissociation window (� 1.5 V), not easily allowing the detection of organic molecules with higher oxidation potential (like phenols). In the case of Boron Doped Diamond (BDD), water dissociation is suppressed across a wider potential window (� 3 V), where the detection of substances like dopamine, histamine and even phenols has already been reported [1] . In addition, metal electrodes are non-transparent and do not allow high resolution fluorescence imaging from the backside of the sample. Even the surrounding silicon on which they are located is only transparent in the IR range, while bio glass may display a cut-off wavelength in the mid-UV, depending on its composition [2] . Diamond on the contrary, possessing a semiconductor bandgap of 5.47 eV, is transparent between 225 nm and 12 11m [3] . NCD has been deposited onto transparent substrates like sapphire, glass and even high temperature stable plastic [4] [5] [6] . However, up to now the properties of the deposited nanocrystalline films have not been discussed in conjunction with biochemical and electrochemical applications, which require high corrosion resistance. In addition, the diamond surface can be functionalized in many ways to tailor its electrochemical sensitivity or further improve its already high biocompatibility [1 ] [7] . An oxygen termination 978-1-4244-5530-0109/$26.00 ©2009 IEEE is mostly used, like in this investigation, resulting in a highly corrosion resistive surface.
We report here on the realization of a first simple quadrupole array with quasi-metallically doped diamond electrodes deposited onto a double side polished sapphire substrates. First amperometric tests have been performed on mouse adrenal chromaffin cells. The measurements show that diamond MEAs are able to detect quantal releases of catecholamines in terms of amperometric current spikes related to the oxidation of the secreted molecules.
II. EXPERIMEMT AL

A. Diamond Growth and Materials Characterization
The NCD electrode material stack has been deposited by hot filament CVD (HFCVD). It contained a nucleation layer on the double polished sapphire substrate, an undoped NCD layer and a highly boron doped top electrode layer. The nucleation layer was Si-based and nuclei generated by a bias enhanced nucleation (BEN) process at 800 DC. This layer may be mostly consumed in the gas phase (0.75 % CH4/Hz) reactions leading to the generation of diamond nuclei and other carbon or Si containing clusters [8] . In spite of its inhomogeneity, this layer has a final thickness in the order of 10 nm, therefore affecting the transparency of the entire stack only to a small extent. The nucleation density has been � 3x 10 10 cm' z . The further outgrowths were performed at 750 DC in a mixture of 0.3 % CH4 in Hz for both the undoped NCD layer (200 nm) and the highly boron doped top electrode layer (350 nm), resulting in a total thickness of � 550 nm.
To combine high electrochemical activity with high corrosion resistance, the outgrown NCD film has to contain a low grain boundary density as mentioned before, which is difficult to obtain with ultra-NCD. Furthermore, the grain boundary network should possess high energetic strength (leading to high chemical inertness) and contain therefore a large fraction of low angle grain boundaries. Such a condition has been obtained by a-parameter engineering [9] and an outgrowth to an average grain size of 70 nm (see Fig. 1 ), usually evaluated by SEM and AFM. The electrochemical "quality" has been assessed by comparison of the cyclic voltammograms with those of a Pt electrode. The optical properties in the wavelength range of 300 nm to 900 nm have been determined with a Varian CARY 300 UV-Vis spectrometer. 
B. Micro Array Fabrication
A micrograph of the micro array is show in Fig. 2 . It shows the diamond/sapphire structure passivated with SU-8. The circular area is the active quadrupole opening of around 16 11m in diameter exposed to the liquid and cell. The areas A, B, C and D are the four electrodes, reaching into the centre as small triangular structures. The electrodes are separated by 5 11m gaps dry etched (by Ar/0 2 ) down to the insulating substrate. Ohmic contacts were obtained by Til Au metallization at the outside (not shown).
C.
Cell Preparation and Handling
We isolated chromaffin cells obtained from mouse adrenal glands following a similar procedure used to isolate rat adrenal chromaffin cells [10) . Immediately after excision, the glands were placed in Ca 2+ and Mg 2+ free Locke's buffer containing (in mM): 154 NaCl, 3.6 KCl, 5.6 NaHC0 3 , 5.6 glucose, and 10 HEPES, pH 7.2, at room temperature. Soon after, the glands were decapsulated and the medulla was precisely separated from the cortex. To obtain the chromaffin cells, the medulla was digested in the Locke's buffer, containing 20 V/ml of papain (Worthington Biochemical Corp., Lakewood, NJ) for 60 Cells signals were sampled with the set-up described in [11 ).
III. RESULTS AND DISCUSSION
A. Electrode Characterization
The average grain size has been evaluated with around 70 nm as mentioned before and shown in Fig. 1 , while the surface roughness was around 12 nm (rms) according to AFM images.
Before immersing the electrode into the physiological solution, the surface had to be stabilized, in essence by removing all residual Sp 2 -bonded carbon clusters by anodic treatment in 0.1 M KOH at + 1.8 V vs. SCE, in the range of the oxygen evolution reaction. Fig. 3 shows the cyclic voltammograms measured after 3 priming cycles in 0.1 M KCl: the diamond electrode shows the typical potential window of 3.5 V (-2.0 V -0-1.5 V vs. SCE), while the Pt-black electrode shows only 1.9 V. Also, the background current level of the diamond electrode differs as expected from Pt one by around 2 orders of magnitude (scan rate 50 mY/sec). The doping concentration extracted from a Mott-Schottky R Iot shows an average doping concentration of around 3xlO 0 cm, 3 . When comparing these films with NCD grown on silicon under identical outgrowth conditions [12] , we can conclude that no degradation of the electrochemical properties, e.g. potential window width and background current level, could be seen. Volltage (V vs. SeE) Figure 3 Cyclic voltammograms of a NCD-on-sapphire electrode compared to a platinum electrode in KCI solution (pH = 7).
B.
Transparency Characterization Fig. 4 shows the transmittance spectra of two NCD samples: (A) a 200 nm intrinsic (nominally undoped) layer and a 550 nm layer stack containing a 200 nm undoped layer and (B) a 350 nm boron-doped top electrode layer, the second one being similar to the stack used for the MEA fabrication discussed here. The spectra show different periodicity of the interference patterns due to the two different thicknesses and to the nucleation layer, the latter being more evident for sample (B) in the low wavelength range due to the smaller thickness. A decrease of transparency with shorter wavelength is observed for both samples. In fact, it is well known that surface roughness, graphitic phases embedded in the bulk, scattering at grain boundaries and thus also the average grain size influence the transmittance of diamond films [4] [13] [14] . In general it is found that ultra-NCD films show higher transparency due to their extremely small grain size [5] . However, the transmittance of diamond films on transparent substrates degrades generally towards lower wavelengths, probably also influenced by properties of the nucleation layer and the nucleation process itself. Usually outgrowth on transparent and electrically insulating films is performed on nanoseeds deposited from a solution. Here BEN is used and little information is available on the optical properties of this nucleation layer.
Both films with a 70 nm average grain size and a surface suitable for electrochemical applications reveal a maximum transmittance of � 55 % at 800 nm. Furthermore, Fig. 4 depicts the wavelength range usually used for fluorescence analysis, showing a suitable transmittance of the two samples until the blue region of the visible spectrum and confirming the suitability of NCD on sapphire for bio-chips applications.
C. Functional Measurement of Cell Secretion
Amperometric measurements have been performed on chromaffin cells from mouse adrenal glands. After standard preparation [15] , the cells were dispersed in a hyperpolarizing KCI-free solution and placed into the � 0.5 ml perfusion chamber of the MEA Electronically-controlled micro- manipulators were employed to precisely place one single cell at the time on top of the four electrodes recording area. The NCD electrodes were biased between +650 and +800 m V as described before, corresponding to the optimal potentials for catecholamines oxidation. Subsequently, a 10 mM CaCh 1135 mM TEACI solution was applied in order to depolarize the cell and open the voltage-gated Ca 2+ channels. Ca 2+ ions were then able to flow through the open channels causing the Ca 2+ _ dependent release of catecholamines, which chemically oxidize at the diamond surface. Fig. 5 shows a group of redox spikes generated and acquired simultaneously a few seconds after the chemical stimulation at the four electrodes A, B, C and D facing the cell. Persistent activity was detected as long as two minutes after cell depolarization. As shown in Fig. 5 , simultaneous signals have distinct peak amplitudes and durations, due to the release of differently sized vesicles containing catecholamines and/or to a diverse vesicle orientation with respect to the diamond electrodes. We revealed spike signals with amplitudes ranging from 5 to 80 pA and durations between few milliseconds and several tens of milliseconds that were comparable in size and shape with the amperometric spikes detected using standard carbon microelectrodes with 5 flm tip diameter [10] .
IV. CONCLUSION
A quadrupole microelectrode array based on quasi-metallic CVD diamond electrodes (BDD) patterned on a sapphire substrate has been fabricated and tested in the amperometric mode of operation with chromaffin cells from mouse adrenal glands. Amperometric spikes could be clearly detected by the four recording diamond electrodes, corresponding to the oxidation curr ent of the catecholamine molecules. The simultaneous responses of single exocytotic events were detected with a high signal to noise ratio.
The electrodes consisted of a materials stack, containing a nucleation layer, an undoped NCD layer and a highly boron doped electrode layer. Thus, this stack is highly inhomogeneous, generating light scattering and also absorption due to graphitic phases, remaining Si in the nucleation layer and the high boron doping level of the electrode layer. However, each of these films has been scaled down as much as possible in thickness, still maintaining an average grain size of 70 nm at the surface. The stack becomes opaque at short wavelength, the reason not being entirely clear at present, since this tendency is also seen for NCD films deposited with different techniques and on various other transparent substrates. Nevertheless in the visible range, fluorescence can be detected and experiments to combine amperometric measurements and fluorescence labeling seem possible.
These first experiments indicate therefore the possibility to combine cell analysis based and highly localized fluorescence detection with amperometric MEA measurements identifying the dynamic behavior of single cell membrane activities. Thus, diamond based MEAs can indeed combine the features of fluorescence and electrical redox analysis. Moreover, being sapphire a common substrate to GaN-electronics, this materials configuration may eventually enable the combination of high density BDD electrode arrays with GaN electronic on-chip readout [16] .
